Abstract: A modified criterion, β′, defined as T g /T x −T g /(T l ·η) (T g , T x , T l and η denote the glass transition temperature, the onset of crystallization temperature, the liquidus temperature and constant coefficient, respectively), has been proposed for assessing the glass-forming ability (GFA) of bulk metallic glasses (BMGs). A survey of the readily available experimental data associated with the thermal analysis of various BMG alloys demonstrates that the new β′ criterion exhibits much better correlation with the GFA than other currently used criteria. But, it is more significant from statistical results to note that, all criteria including the currently proposed criterion β′, which are all combined by T g , T x and T l , almost have equal ability in measuring the glass forming ability in any glass-forming system.
Introduction
Glass-forming ability (GFA), as a measure of the ease of vitrification, is vital for understanding the origin of glass formation and is important for designing and synthesizing new bulk metallic glasses with unique mechanical properties or other attributes. Although the direct and quantifiable GFA indicator of an alloy could be the critical cooling rate, R c , and the maximum section thickness or diameter, Z max , it is very difficult to obtain the R c and Z max values experimentally [1−3] . Thus, significant efforts have been devoted to searching for simple and reliable criteria for quantifying the GFA of metallic glasses from practicable and knowable points. To date, dozens of GFA criteria have been proposed and popularized by their investigators, such as T rg (=T g /T l ) [4] , ∆T x (=T x −T g ) [5] , γ(=T x /(T g +T l )) [6−7] , β(=T x /T g +T g /T l ) [8] , γ m (=(2T x −T g )/T l ) [9] , δ(=T x /(T l −T g )) [10] , Φ( ＝ T rg (ΔT x / T g ) 0.143 ) [11] , β 1 (=T x ×T g )/(T l −T x ) 2 ) [12] and ω(=T g /T x − 2T g /(T g +T l )) [13] , in which characteristic thermal parameters (T g , T x and T l ), can easily be determined from differential thermal analysis and are reasonably related to R c . These criteria, to some extent, have offered some useful guidelines for searching and screening of BMGs and try to avoid the tedious repetitive work, but the development of new BMGs has still been mainly dependent on series of experiments by changing compositions step by step [14−15] . Indeed, a large number of good glass-forming systems obey these criteria. But many exceptions also occur, especially in some of the bulk metallic glass (BMG) systems synthesized recently [6, 16] . So, new criteria have been proposed incessantly and try to reflect the GFA of BMGs more precisely.
In this study, a dimensionless criterion β′ has been proposed. But more importantly, a comprehensive analysis of most dominant GFA criteria including the β′ in terms of the reliability and merits in a large data base has also been conducted, and some interesting discoveries are reported.
Origin of new β′ criterion
Most widely used criteria proposed to gauge the relative GFA among BMGs, are derived only using the glass transformation temperatures of alloys (T g , T x , T l and different combinations of them). Therefore, too many unknown physical and thermal parameters can be skillfully evaded, which enables these criteria to obtain wide application in real practices [17] .
According to the current consensus, the GFA should not only mean the easiness with which a glass can be formed from the liquid, but also a high resistance to crystallization of the glass, on its subsequent thermal exposure [7] . So, a perfect GFA criterion should combine two aspects: glass forming tendency of the liquid and the thermal stability of the glass in its expression.
By referring to the previous work and deductions [6, 8, 10, 13] , it is accepted that glass-forming ability is proportional to T x /T g and T g /T l ; in other words, the GFA is inverse proportional to T g /T x and T l /T g . Since T l /T g could be logarithmically transformed to (−T g /T l ), by combining the two aspects, a new expression, which links the GFA of an alloy with its characteristic thermal temperatures T g , T x , and T l , can be deduced as
As we don't know what extent glass forming tendency and thermal stability contribute to the GFA of metal glass, respectively, a parameter η is introduced as the weight of glass forming tendency. Equation (1) could therefore be replaced by
where A means the glass-forming ability, and coefficient η has been optimally selected as 1.30 herein. The validity and feasibility of a newly proposed criterion in measuring the GFA of BMGs can usually be elucidated by examining how well its values correlate with the GFA in various BMG forming systems. As the GFA is normally quantified by R c and Z max , the validity of the criterion is usually evaluated by the correlation between the GFA criteria and R c or/and Z max . By plotting R c or/and Z max against the proposed criterion for one glass-forming system, a straight line and the statistical correlation coefficient, R 2 , are determined using standard statistical procedures. The value of R 2 can give an idea of the effectiveness and consistency of a GFA criterion.
To secure the reliability of this statistical evaluation, we have fully made use of available experimental data for already reported BMGs. The number of data points used for R c and Z max are 62 and 411, respectively, which are collected by LONG et al [13] , LU et al [17] . The majority of the characteristic temperatures (T g , T x and T l ) were measured by DSC and/or DTA at a heating rate of 20 K/min and most of the Z max values were obtained by copper mould casting method. Figure 1 shows the plots of critical cooling rate against the relative GFA, namely, R c vs various criteria. As the critical cooling rates have been plotted on a logarithmic scale, the errors are expected to be small. Apparently, all GFA criteria exhibit a direct proportional or inverse relationship with respect to R c , indicating that all these criteria can, to a certain extent, reflect the GFA of the alloys. By referring to the value of R 2 , which statistically reflects how strong the linear correlation is, one can see that β′ has the strongest ability in representing the GFA.
To further understand the diversity of these established criteria, Table 2 compares the computed R 2 values of R c vs these criteria for various glass-forming systems and for 53 data points as a whole in Ref. [13] . As the R 2 value increases with the decrease of data points, the β′ criterion shows the value of 0.930 3, which is still the highest among all the GFA criteria. In addition, it is interesting to note from Table 2 that most GFA criteria except T rg and ∆T x seem to show the similar R 2 value for a same glass-forming system, such as the R 2 values of Mg-based and La-based BMGs are all in the range of 0.8−0.9, although the data points as a whole show distinguished R 2 between various criteria.
Correlation coefficient of Z max with relative GFA
To further investigate the similarity of these criteria including β′, Z max has been plotted against the ten GFA criteria (T rg , ∆T x , γ, β, δ, γ m , Φ, β 1 , ω, β′) using 411 kinds of BMG alloys based on Cu, Fe, La, Ca, Mg, Zr, Ni, Ti, Pd, Co, Au, Y, Hf, Gd in Ref. [13] . The R 2 for Z max vs various criteria has been acquired using the abovementioned method in whole BMGs and in every single glass-forming system. The results are listed in Table 3 . The last two rows in Table 3 were obtained from plotting all the data of Z max and logZ max against various criteria. Figure 2 presents the plots among Fe-based BMG, which is one of the most widely developed and synthesized glass-forming systems.
Based mainly on the statistical results in Table 3 and Fig.2 , we have carried on the following discussions: Table 1 T g , T x , T l , R c , and calculated T rg , ∆T x , γ, β, δ, γ m , Φ, β 1 , ω and β′ value for already reported metallic glasses for Z max vs criteria in every glass-forming system. That is, if one criterion shows a poor correlation, then other criteria also show a reasonably poor correlation. It is distinct in Fig.2 that data points in every plot are all widely scattered, and there is even no meaningful correlation for Z max for any of the criteria. Moreover, the distribution shapes of these scattered data points are similar to each other, though every plot has different horizontal scale. Similar results with respect to this similarity can also be obtained in any other glass-forming system. This can also be proved from the statistical analysis results of SURYANARAYANA [24] .
2) The R 2 value, to a certain degree, is related to the number of data points. As the data points are more scattered in a larger data base, the value of R 2 decreases with the increase of data points. For instance, probably due to the limited amount of work carried out for these glass-forming systems, the data point of Au-, Pr-, Y-, Hf-, Gd-based BMGs is less than 4, so they all show large R 2 values most of which are above 0.98. As a contrast, Zrand Fe-based BMGs, as received particular attention due to the distinct interest in engineering applications, are all have low R 2 values with Z max , and there is even no meaningful correlation with any of the criteria, as shown [10] in Fig.2. 3) It is confirmed again that these criteria combined by the glass forming tendency and the stability of glass show larger R 2 values than T rg and ∆T x which deal with only one of the two aspects.
4) The currently proposed criterion β′ also obeys the rules mentioned above in various glass-forming systems.
Computed R 2 values between R c and β′ are all above 0.915 when η varies in the range of 1.0−1.5 in Eq.(3) using 62 data points in Table 1 . As every η is corresponding to a certain criterion, a lot of expressions could be derived and all these expressions also have the ability to predicting GFA of BMGs precisely. Though almost every investigator claimed that his criterion was the best among all the available criteria, the ability to reflect the GFA is almost the same for every one of these criteria.
Conclusions
According to the meaning of glass-forming ability, i.e., the GFA should incorporate both the factors of glass-forming tendency and the thermal stability of bulk metallic glasses, a dimensionless criterion, β′, expressed by T g /T x −T g /(T l ·η), is proposed to predict the GFA of BMGs with the measurable thermodynamic properties. The newly proposed β′ criterion exhibits stronger correlation with R c and Z max than other currently used criteria. The striking feature of this study is that almost all criteria statistically have equal ability in predicting the GFA of BMGs and will lose the effectiveness as long as the data base is large enough. So, the merits of continuously appearing criterion which is just simple combination of T g , T x , and T l have been challenged, and further investigation on seeking for a useful and efficient guideline for exploring new BMG formers is still anticipated.
